1.. Introduction {#S0001}
================

Grafting chemical functions to carbon materials allows combination of the specific physical and physicochemical properties of carbon materials with those of the bound chemical functions.\[[@CIT0001]\] The synergy of combining these substances provides additional features and widens their potential applications. There are two general procedures for the functionalization of carbon materials: covalent and non-covalent. The latter usually relies on weak interactions (such as wrapping with large molecules, π--π interactions or deposition) between the host carbon material and the guest molecule.\[[@CIT0009]\] The strength of the bond between the carbon material and the guest function is the main advantage of covalent functionalization.\[[@CIT0013]\] The main drawback is that the covalent functionalization can change the structure of the support to some extent, altering the conjugated bonds of the graphenic layers and, thus, affecting some of their properties. In particular, the electronic and optoelectronic characteristics may be altered,\[[@CIT0014]\] which might be crucial in carbon nanotubes and graphene based materials. That said, the stability of the bond achieved by covalent functionalization of the carbon material with the guest function is essential for many applications.\[[@CIT0001]\]

Several procedures for the functionalization of carbon based materials throughout amine functions have been reported.\[[@CIT0022]\] One option is to generate a primary functionalization with electrophilic groups which behave as anchors for the amine functions, due to their nucleophilic character. The first stage of most of these procedures consists in the treatment of the carbon materials with strong oxidants which result in the covalent attachment of several oxygen containing groups (cf. Figure S1 of Supplementary Data \[SD\]). The analysis of the structure and reactivity of these oxygen containing groups points out that not all of them are able to react with amine groups (a summary of the reactivity is shown in Table S1 of SD). This is the case of ethers, phenols, hydroxyls, epoxides and lactones which do not react with amine groups under mild conditions. Indeed, the aminolysis of epoxides in organic molecules is known to proceed following an SN2 or a borderline SN2-electrophillically assisted mechanism depending on the experimental conditions. But in these cases the aminolysis is only compatible with an attack of the nucleophilic amine to the carbon epoxide following a trajectory that forms an angle of *c*.180 ° with the C--O bond of the epoxide. Such an attack of the amine to the epoxide 'from the back' of the C--O bond is not possible for epoxide functions on the surface of the carbon materials due to stereochemical restraints. Nevertheless, other chemical functions such as cyclic anhydrides (of five and six members), quinones and carbonyls do react with the amine groups. Similarly, carboxylic acids are able to react with amines through acid-base reaction, resulting in the formation of ammonium carboxylates, which are not useful for our purposes. To avoid this, the carboxylic acids are usually transformed into acyl chlorides \[[@CIT0022]\] by the reaction with inorganic acid chlorides, typically thionyl chloride SOCl~2~. The high electrophilic character of the acyl chlorides allows them to easily attack the primary and secondary amine groups to render secondary and tertiary amides, respectively. Thus, these amide groups are responsible of the covalent attachment of the molecule to the carbon material. Nevertheless, there is an easier procedure which consists in the transformation of the carboxylic groups into methyl esters, which can be further used to fix polyamines on carbon materials through amide bonds.\[[@CIT0036]\]

The aim of this work is the covalent functionalization of multi-walled carbon nanotubes (MWCNTs) and a carbon black with polymeric amines. Two hyperbranched polyethyleneimines (HBPEI) of average molecular weight M~n~ = 600 and 1800 gmol^−1^ have been selected for this purpose. HBPEIs are water-soluble, nitrogen-rich homopolymers that possess a large proportion of terminal, primary amines (41 and 38% for the selected amines, respectively), which are needed to produce stable bonds by reaction with some oxygen functional groups on the surface of carbon-based materials. These include cyclic anhydrides and carbonyls that do not form stable linkages by reaction with secondary or tertiary amines. In that respect, the hyperbranched isomers of polyethyleneimines (HBPEIs) are more suitable than the linear polyethyleneimines (LPEIs, with only two terminal amino groups) to give hybrid materials in which the polyamine is linked to the carbon surface through several bonds. This shall finally result in a larger stability of these HBPEIs/hybrid materials. Moreover, HBPEIs are ideal for chelate formation due to their structure in which consecutive nitrogen bonds are always in 1,4 relative position. In addition, the repetition of these chelating units in the structure of the polyamines means that both molecules are able to form chelates with more than one metal ion per molecule, i.e. they can behave as poly-chelatogens.\[[@CIT0038]\] Also regarding their chelating properties, it is known that branched PEIs form more stable metal complexes than LPEIs due to entropic factors.\[[@CIT0039]\] Thus, the covalent attachment of these polyamines to the surface of carbon materials can result in stable hybrid materials which can capture relevant amounts of metal ions by coordination given that the properties of the polyamines are preserved in the hybrids. Therefore, an important goal of this work is to check if the hybrid materials keep the chelating property and other chemical characteristics of the polyamines. The former property, in turn, is the tool to cover the surface of the carbon-based materials with transition metal atoms in the form of complexes.

2.. Experimental details {#S0002}
========================

The products obtained by the partial oxidation of commercial multi-walled carbon nanotubes (Nanocyl 3100) and carbon black (CSX-691, from Cabot Corp., Boston, MA, USA) have been used. The former is labeled MW and the latter CSX. The surface area of both samples has been obtained by applying the Brunauer-Emmett-Teller (BET) equation to the nitrogen adsorption isotherms. The isotherms were obtained at 77 K by using ASAP 2020 equipment. The methodologies for oxidation and characterization of the samples have been already reported \[[@CIT0040]\].

Samples MW/pH 9 and CSX/pH 9 were obtained by flowing ozone for 1 h in an aqueous suspension (at pH 9 and 25 °C) of MW and CSX. In addition, a treatment of the parent carbon materials with ozone gas for 60 min results in samples MW/O3G(60) and CSX/O3G(60). Four more samples were prepared by the reaction of MW and CSX with oxygen plasma for 2 min (samples MW/OP(2) and CSX/OP(2)), 10 min (sample CSX/OP(10)) and 30 min (sample MW/OP(30)). The aim supporting the use of these oxidized samples is to take advantage of the oxygen containing groups to act as intermediate for the further functionalization with HBPEIs.

Some of the oxidized samples were subjected to esterification \[[@CIT0036]\] prior to the reaction with the HBPEIs. For this purpose, 1 g of oxidized sample was treated with 50 ml of a 3% (w/v) sulfuric acid in methanol solution. The suspension was refluxed in an inert atmosphere for 24 h. As already mentioned, this procedure is an easy alternative to the formation of acyl chlorides. The term 'Est' has been added to the name of these esterified samples. Figure [1](#F0001){ref-type="fig"} shows the two procedures used for the functionalization of the oxidized carbon materials with the HBPEIs. All these samples have been functionalized with a HBPEI of mean molecular weight M~n~=1800 g mol^−1^ (HBPEI~1800~). In addition, a HBPEI of M~n~= 600 g mol^−1^ (HBPEI~600~) was also used to functionalize some oxidized MW.

![The two procedures of functionalizing oxidized carbon materials with HBPEI: (a) direct grafting and (b) through esterification.](tsta_a_1221728_f0001_oc){#F0001}

Both HBPEIs are commercially available from Sigma Aldrich (St. Louis, MO, USA). HBPEI~1800~ has been purified by azeotropic distillation with toluene as it is marketed as an aqueous solution (50/50 w/w) while HBPEI~600~ has been used without further purification. The characterization of both amines has been carried out by ^13^C nuclear magnetic resonance (NMR), thermogravimetric analysis (TGA) and acid-base titrations.

Bruker advance 400 (Bruker, Billerica, MA, USA) and Mettler Toledo (Greifensee, Switzerland) mod TGA/SDTA 851 instruments were used to obtain the NMR spectra and the gravimetric plots, respectively. The acid-base characteristics have been determined by potentiometric measurements. The experimental set-up for this purpose consisted in an automatic device equipped with a METROHM glass-calomel electrode (titration electrode), a Metrohm 765 Dosimat autoburete (0.001 ml dose accuracy), a Metrohm 713 pH-meter control unit (Herisau, Switzerland) and a Selecta Frigiterm 6000382 thermostatic bath. The equipment is controlled by a computer which uses Pasat software \[[@CIT0041]\] for the data acquisition. The titrations of the HBPEI/H^+^ solutions were carried out at a molar concentration of 6 × 10^−3^ M. N(CH~3~)~4~Cl was used as electrolyte to fix the ionic strength to 0.1 M in chlorides. The solutions were continuously stirred, kept at 25 °C and in nitrogen atmosphere. The starting pH was set up at 2.5 by adding 0.1 M HCl solution. The titrating agent was N(CH~3~)~4~OH which was consecutively added in volumes of 30 μl. Moreover, the coordination capacity of both polyamines for Ni^2+^ has been studied in the same experimental set-up used for the acid-base titrations.

The carbon materials were suspended in methanol solutions of HBPEI for 24 h for the functionalization with the polyamines. The suspensions were heated under reflux in the case of MW and at 70 °C in a sealed tube in the case of CSX. The carbon-material/HBPEI/methanol ratio was 1/2/50 (w/w/v). Typically, batches of 100 mg of MW or CSX were used. This procedure allowed carbon materials/HBPEI hybrids to be obtained. The label of these hybrid materials contains the name of the parent oxidized sample to which 1800 (for HBPEI~1800~) or 600 (for HBPEI~600~) has been appended. For instance, the name MW/OP(30)-Est-1800 refers to a hybrid material based on carbon nanotubes which has been obtained by the reaction of the HBPEI~1800~ with the oxidized (by oxygen plasma for 30 min) and esterified carbon material.

The characterization of the hybrid materials has been carried out by using several techniques. Elemental analysis (EA) of the hybrids has been performed with a Thermo Finnigan Flash EA1112 instrument (Thermo Fisher Scientific, Waltham, MA, USA). X-ray photoelectron spectroscopy (XPS) measurements were performed with a Kratos Axis Ultra DLD spectrometer (Kratos, Manchester, UK). Monochromatic Al/MgK~α~ radiation from twin anode in constant analyzer energy mode with pass energy of 160 and 20 eV (for the survey and high resolution spectra, respectively) was used. The C 1s transition at 284.6 eV was used as reference to obtain the binding energies of heteroatoms. The FTIR and Raman spectra have been recorded with Jasco FP-6200 and Jasco NRS-5100 equipment (Jasco, Easton, MD, USA), respectively. An important aspect of this work is to know whether the properties of the HBPEIs are preserved in the carbon materials/HBPEI hybrids. This has been analyzed by comparing the acid-base characteristics and the coordination capacity for Ni^2+^ of both free polyamines in solution with these of the hybrids. In addition, the surface charge density (Q in meq H^+^/g of adsorbent) of both original materials and some selected hybrids was determined by potentiometric titration measurements. Thus, Q was calculated by means of the equation Q = 1/m(V~o~+V~t~) (\[H\]~i~-\[OH\]~i~-\[H\]~e~+\[OH\]~e~), where V~o~ and V are the initial solution and titrant volumes, respectively, and m is the mass of the adsorbent. Subscripts i and e refer to the initial and the equilibrium concentration of protons or hydroxyl ions. Then, the proton isotherms are obtained by plotting Q vs. equilibrium pH values.

If the chelating capacity of the polyamines is preserved in the hybrids, they must present a larger capacity to capture Ni^2+^ from aqueous solutions than the parent carbon materials. Thus, the Ni^2+^ retention isotherms of several hybrids and of the parent carbon materials have been also obtained. For this purpose, 25 mg of hybrid material were added to several solutions of Ni^2+^ (0.05×10^−1^--3×10^-1^ M). The ionic strength of the solution was kept constant (0.1 M), the temperature was 25 °C, the contact time 24 h and the pH was set to 6. The retention isotherms were obtained by measuring the Ni^2+^ concentration at the equilibrium by inductively coupled plasma mass spectrometry (ICP-MS). Moreover, high-resolution transmission electron microscopy (HRTEM) micrographs and energy-dispersive X-ray spectroscopy (EDX) of some selected hybrid materials containing Ni^2+^ have been obtained. An ultrahigh resolution electron microscope FEI Titan G2 was used for this purpose.

3.. Results and discussion {#S0003}
==========================

As previously mentioned, the structural characteristics of the HBPEIs have been determined. Both polyamines are statistical polymers obtained by ring-opening polymerization of aziridine in acid solution.\[[@CIT0042]\] Therefore, their degrees of branching (DB) as well as their polydispersity index (PD) are relevant parameters. The amounts of primary, secondary and tertiary amines are needed to determine the DB.\[[@CIT0044]\] These parameters have been obtained from the quantitative ^13^C-NMR spectra \[[@CIT0045]\] (cf. SD) and the results of the characterization of both polymers are shown in Table [1](#T0001){ref-type="table"}. Regarding these data, it is worth noting that the degree of branching presents intermediate values (64--65 %), so the 'internal' amine groups are highly accessible, which can condition the chemical behavior of the carbon materials/HBPEI hybrids.

###### Characteristics of the HBPEIs.

                                  HBPEI~600~                                   HBPEI~1800~
  ------------ ------------------ -------------------------------------------- ---------------------------------------------
               M~n~ (g·mol^−1^)   600                                          1800
               PD                 14.0                                         41.8
               DB (%)             65                                           64
               Primary            41 (6)[^a^](#TFN0001){ref-type="table-fn"}   35 (15)[^a^](#TFN0001){ref-type="table-fn"}
  Amines (%)   Secondary          35 (5)[^a^](#TFN0001){ref-type="table-fn"}   36 (15)[^a^](#TFN0001){ref-type="table-fn"}
               Tertiary           24 (3)[^a^](#TFN0001){ref-type="table-fn"}   29 (12)[^a^](#TFN0001){ref-type="table-fn"}

Number of nitrogen atoms of this amine group in the model molecule.

According to these data, the drawings in Figure [2](#F0002){ref-type="fig"} are close representations of prototype molecules of both polyamines.

![Molecular structure of both hyperbranched polyethyleneimines.](tsta_a_1221728_f0002_b){#F0002}

The thermal decomposition profiles of both polyamines are very similar (cf. SD). The largest difference between both thermograms is the relative important weight loss (near 14%) of the HBPEI~600~ in the range 100--165 °C, which is due to the water content of this polyamine. The temperature range for the dehydration process is coherent with the strong retention of water by the HBPEI through hydrogen bonds. Apart from this, both thermograms are similar and have an important weight loss in a relative narrow temperature range (200--400 °C). The final residual mass is only 5 and 1% of the initial mass of HBPEI~600~ and HBPEI~1800~ respectively, which indeed accounts for the nearly total decomposition of both polymers.

The results of the functionalization of the oxidized carbon materials with HBPEI~600~ and HBPEI~1800~ are shown in Table [2](#T0002){ref-type="table"}. The HBPEI contents have been determined from EA and TGA measurements. The chemical composition of the materials obtained by EA is summarized in SD (Table S2). Thus, the nitrogen content measured by the former technique allows the polyamine in the hybrid materials to be determined, assuming that the HBPEIs are homo-polymers with the elemental composition of ethyleneimine (or aziridine). The thermograms of the hybrids are also shown in SD (Figures S5 and S6).

###### Amount of HBPEI fixed on the oxidized carbon materials.

  Sample                 \% HBPEI (EA)   \% HBPEI (TGA)   Surface density of HBPEI (mg m^−2^)
  ---------------------- --------------- ---------------- -------------------------------------
  MW/pH 9-1800           7.9             5.7              0.36
  MW/O3G(60)-1800        11.3            8.2              0.53
  MW/OP(2)-1800          8.5             7.4              0.39
  MW/OP(30)-1800         11.9            11.5             0.57
  MW/pH 9-Est-1800       8.2             6.0              0.37
  MW/OP(2)-Est-1800      8.3             6.8              0.38
  MW/OP(30)-Est-1800     10.0            9.6              0.46
  MW/pH 9-600            4.8             4.1              0.21
  MW/OP(30)-600          8.4             7.2              0.38
  MW/pH 9-Est-600        5.3             3.4              0.23
  CSX/pH 9-1800          1.8             1.6              0.93
  CSX/O3G(60)-1800       2.5             2.0              1.28
  CSX/OP(2)-1800         2.1             1.7              1.05
  CSX/OP(10)-1800        2.4             2.2              1.25
  CSX/pH 9-Est-1800      1.7             1.6              0.86
  CSX/O3G(60)-Est-1800   1.9             1.6              0.95
  CSX/OP(2)-Est-1800     1.8             1.4              0.94
  CSX/OP(10)-Est-1800    2.0             1.9              1.03

The data in Table [2](#T0002){ref-type="table"} also show that the amounts of polyamine fixed on MW are much larger than these on CSX. This is due to the former has a larger surface area (240 m^2^ g^−1^) than the CSX (20 m^2^ g^−1^). These values have been obtained by fitting the nitrogen adsorption data (SD) to the BET equation. Moreover, the defects, irregularities and connection nodes in MW are active sites that can also react with the amines by addition to double bonds.\[[@CIT0049]\] So, if the amounts of fixed polyamines are normalized to the surface area, the values range between 0.35--0.57 mg m^−2^ in the MW-series and 0.64--1.25 mg m^−2^ in the CSX-series. This is in agreement with the expected larger reactivity of the carbon black due to the higher number of defects present in this material. In relation to the HBPEI~600~, the amount of this polyamine fixed to the nanotubes is clearly smaller than this of HBPEI~1800~. This is the expected trend, as the mass fixed by the HBPEI~600~ has to be necessarily smaller than this of the HBPEI~1800~ for the same number of covalent bounds between the amine and the MW.\[[@CIT0027]\] Thus, it is evident that the degree of functionalization that can be attained with the HBPEI~600~ is clearly smaller than with HBPEI~1800~.

The degrees of functionalization with the polyamines of the esterified samples are similar to or smaller than those of the non-esterified carbon materials. This suggests a partial elimination of the oxygen containing groups of the oxidized samples under the experimental conditions of the esterification. The data in Table [2](#T0002){ref-type="table"} also show that the largest degrees of functionalization with polyamine are reached in the samples oxidized by oxygen plasma treatments, i.e. this is the most efficient oxidation procedure for the further functionalization with HBPEI. This is probably related to the largest amount of oxygen containing groups reached by the plasma treatment.\[[@CIT0040]\]

Evidence of the strong interaction between the HBPEIs and the carbon materials is that the hybrids were thoroughly washed (with methanol under reflux in a Soxhlet extractor for 24 h in the case of the MW/hybrids and five times at 70 °C for 30 min in the case of CSX/ hybrids) after the reactions and before being analyzed. It is worth noting that both polyamines are highly soluble in methanol so the fraction of physically adsorbed polyamines has to be necessarily eliminated through the washing step.

Thus, the nitrogen peak at 400 eV in all of the survey XPS spectra of the hybrid materials (Figure [3](#F0003){ref-type="fig"}(a)) is due to the covalent attachment of the HBPEI~600~ to the carbon material.

![(a) Some selected XPS survey spectra; (b, c) deconvolution of high resolution N1s spectra of MW/OP(30)-1800 and CSX/O3G(60)-1800; (d, e) deconvolution of high resolution C 1s spectra of MW/OP(30)-1800 and CSX/OP(10)-1800. BE stands for binding energy.](tsta_a_1221728_f0003_oc){#F0003}

Further insight into the bonding of the polyamine molecule to the carbon materials has been obtained by analyzing the N 1s and C 1s spectra (Figure [3](#F0003){ref-type="fig"}) obtained at higher resolution (20 eV pass energy). Figure [3](#F0003){ref-type="fig"}(b) and 3(c) show high-resolution N 1s spectra of some selected samples. The spectra of the free HBPEIs have been already reported.\[[@CIT0038]\] All these spectra of the hybrids contain an asymmetric peak at 399.4 eV. It can be deconvoluted into symmetric peaks which are described by Gaussian--Lorentzian functions. The fitting of the data has been carried out considering these peaks have the same full width at half maximum, and a Shirley type background was subtracted from the experimental data before the fittings were performed. Thus, the deconvolution of these spectra results in three components, namely N(1), N(2) and N(3) at 399.4 ± 0.1, 400.5 ± 0.2 and 401.7 ± 0.1 eV, respectively. The N(1) component is the most abundant (63--75%) in all cases. The N(2) abundance is smaller although significant (19--29%) and this of N(3) is the smallest (between 5 and 9%).

These three components can be assigned to amine, imine (or imide) and amide groups.\[[@CIT0036]\] Indeed, the amine groups are the organic functions present in the HBPEIs. The imine, imide and amide groups can be the result of the reaction between the HBPEIs and the oxygen containing groups of the carbon materials. Nevertheless, these components could be also due to other factors such as intramolecular hydrogen bonds in the HBPEI fragments or to the presence of protonated nitrogen atoms (ammonium groups).\[[@CIT0056]\] The signals of these factors overlap with the C-N functions of the covalent attachment of the polyamines to the carbon materials. Therefore, it is difficult to distinguish the individual contribution of these factors and of the several C-N groups in the N 1s peak. Nevertheless, Figure [4](#F0004){ref-type="fig"} shows an evident relationship between the amount of HBPEI~1800~ on the hybrids and the percentage of the N(2) component, suggesting that the HBPEI~1800~ is probably bound to both carbon materials through imine or imide bonds.

![Amount of N(2) component vs. the HBPEI~1800~ content.](tsta_a_1221728_f0004_oc){#F0004}

Additional information can be obtained from the C 1s XPS spectra (Figure [3](#F0003){ref-type="fig"}). Figure [3](#F0003){ref-type="fig"}(d) and 3(e) show some selected examples of the C 1s spectra obtained at high resolution. The main component of the C 1s spectrum is an asymmetric peak at 284.3 eV, labeled as C(1), which is assigned to graphitic C sp^2^. The main new feature of the C 1s spectra of the hybrid materials (both based on MW and CSX) is a very marked shoulder nearby the main peak. This shoulder appears as a very well-defined maximum in the samples having the largest amounts of HBPEI per surface area. This is the case of sample MW/OP(30)-1800 and also of the majority of hybrids of the CSX-series (Figure [3](#F0003){ref-type="fig"}(d)).

The deconvolution of the C 1s peak results in six components (Table [3](#T0003){ref-type="table"}) which have been assigned according to the literature.\[[@CIT0055]\] The one labeled C(3) (at 286.0 ± 0.1 eV) corresponds to sp^3^ carbon bound to nitrogen (-CH~2~-CH~2~-N\<), which is the structural unit of the HBPEI. This component can also be assigned to C-N groups which have been formed by the already commented direct reaction of the polyamines with the C/C double bond of the carbon materials.

###### Assignment of the C 1s components of the high resolution XPS spectra.

  Component   BE (eV)       Assignment
  ----------- ------------- -----------------------------------------------------------------------------------------------------
  C(1)        284.3 ± 0.1   Graphitic carbon
  C(2)        284.9 ± 0.1   Non-conjugated carbon
  C(3)        286.0 ± 0.1   C--O, as phenols or ethers, C sp^3^ bound to nitrogen (-CH~2~-CH~2~-N\<)
  C(4)        287.0 ± 0.2   C=O, of ketones and quinones, C=N, imines
  C(5)        288.3 ± 0.2   N-C=O, carboxamide groups, O-C=O, carboxylic derivatives as carboxylic acids, ethers and anhydrides
  C(6)        290.6 ± 0.4   Shake-up
  C(7)        289.4 ± 0.1   -(O)C-N-C(O)-, carbons of imides taking part of 5 member cycles

In addition, this component can also be due to C--O groups of the oxidized materials. The C(4) component (at 287.1 ± 0.2 eV) can be assigned to imine groups (C=N) and carbonyl (C=O) of ketones and quinones. Other carbon-nitrogen groups cause the C(5) component (at 288.3 ± 0.2 eV) which is assigned to carboxamide (N-C--O) and also to carboxyl (O-C=O). The component at 290.6 ± 0.4 eV, C(6), is due to the π--π shake-up satellite. In the case of the CSX based hybrid materials there is an additional C(7) component at 289.4 ± 0.1 eV. This signal was not present in the oxidized precursors and can be attributed to functions containing carbon in a high oxidized state, such as urethane groups, though the formation of these groups from the oxygenated ones in the oxidized CSX precursors remains unclear.

The comparison of the C 1s spectra of the oxidized samples to these of the hybrids allows further insight into the bonding between the HBPEIs and the carbon materials. The difference spectra in the C 1s region after normalization have been obtained with this aim. Figure [5](#F0005){ref-type="fig"} shows some selected examples. The wide XPS spectra of these samples are shown in SD. In Figure [5](#F0005){ref-type="fig"} a significant increase is seen in intensity of the component at 286 eV (Figure [5](#F0005){ref-type="fig"}(a)) due to the incorporation of the HBPEI. Moreover, this peak is not symmetric but it has a tail extending to larger BE values. This tail can be associated to the C(4) component near 287 eV, which is compatible with imine groups (C=N). Thus, this fact supports the previous statement about the bonding of the HBPEI to the carbon materials through imine and imide groups.

![Examples of XPS difference spectra (see the text).](tsta_a_1221728_f0005_oc){#F0005}

The imine groups come out from the reaction between the carbonyl groups of the oxidized precursors and the primary amines of the HBPEI. Then, no neat increase of the signal is observed at a BE around 287 eV, since the imine C=N signal is formed at the expense of the close carbonyl C=O signal. Even more, the functionalization with HBPEI of the MW oxidized with oxygen plasma (Figure [5](#F0005){ref-type="fig"}(b)) results in a decrease of this signal near 287 eV, due to the loss of labile groups, mostly C--O of hydroxyl and epoxy type, that take place upon treatment with methanol under the reaction conditions (cf. SD, Figure S9). An additional feature in the difference spectra is a small decrease of intensity in a relative wide range of B.E (288--290 eV) assigned to the most oxidized carbon atoms. This effect is more clearly seen in the CSX-series hybrid materials (Figure [5](#F0005){ref-type="fig"}(c)) for which the decrease of signal appears at around 289 eV, and it is explained by a probable higher concentration of anhydrides per area with respect to the oxidized MWCNTs. Thus, these data support that the HBPEIs are covalently bound to the carbon materials through imine and imide groups.

Additional information on this issue can be obtained from the FTIR spectra. Figure [6](#F0006){ref-type="fig"} shows the spectra of the original carbon materials and two hybrids obtained from them.

![FTIR spectra of the original carbon nanotubes and of two hybrids.](tsta_a_1221728_f0006_oc){#F0006}

It is seen that the hybrid materials show the characteristics peaks of the HBPEI. Unfortunately these peaks coincide with these of some oxygen containing groups. The HBPEI peaks include those at 3426 cm^−1^ (-N-H stretching), 2924 and 2856 cm^−1^(-C-H stretching), 1595 cm^−1^ (-N-H bending), 1418 cm^−1^ (-C-H bending) and several peaks in the range 1300--1000 cm^−1^ (-C-N stretching). We also detected two small peaks at 1725--1741 cm^−1^due to imide groups and at 1649--1659 cm^−1^ of the imine bonds, which support the covalent attachment of the HBPEIs.

The Raman spectra of some selected samples in Figure [7](#F0007){ref-type="fig"} show the typical bands of these materials. The first-order bands at 1328 and 1563 cm^−1^ are labeled as D and G. The first one is a disorder-induced peak while the second is due to sp^2^ ordered carbon networks. The I~D~/I~G~ intensity ratio is used to estimate the change in order-disorder of these materials. As it is seen in Figure [7](#F0007){ref-type="fig"} the spectra are very similar. Thus, the values of this ratio range between 1.36 and 1.41. This suggests that no new structural defects are produced in the graphitic structure as an outcome of the functionalization with the HBPEIs. This points out that the reaction of the polyamines is mainly produced with the previously fixed oxygen containing groups.

![Raman spectra of oxidized carbon nanotubes and two hybrids.](tsta_a_1221728_f0007_oc){#F0007}

A very important issue of this work is to determine if the chelating properties and other characteristics of the HBPEIs are preserved after the covalent bonding to the carbon material surfaces, i.e. in the final hybrid materials. The acid-base behavior of the polyamines is a distinctive feature of these HBPEIs. For this reason, we have carried out acid-base titrations of the free polyamines and of the hybrids.

Figure [8](#F0008){ref-type="fig"}(a) shows the titration plots of the free HBPEI~1800~ in solution and one of selected hybrid materials. The titration profile of the hybrid is very similar to that of the polyamine. The small differences observed may be due to different accessibility to the amine groups in the free polyamines and in the hybrid. In addition, it may also be due to the remaining oxygen containing groups on the carbon material surfaces. Thus, the titration plots in this figure mean that the acid-base nature of the HBPEIs has been transferred to the hybrids. Moreover it is expected the surface charge of the hybrids is different to that of the oxidized carbon materials. With the aim of checking this fact we have carried out measurements of the isoelectric point of the oxidized and hybrid materials. Figure [8](#F0008){ref-type="fig"}(b) shows the plots of an oxidized carbon nanotubes and of the hybrid containing the HBPEI~1800~. Similar plots of the CSX-series are in SD. It is seen that the oxidized material has an acid isoelectric point (4.2) due to the oxygen containing groups. Nevertheless the value of this point largely increases (9.5) in the hybrid due to the basic character of the HBPEI. Therefore, the plots also support that the characteristics of the polyamines have been transferred to the hybrids. An outcome of this transfer is that the hybrids are water dispersible (Figure S11).

![(a) Acid-base titration plots of the free HBPEI~1800~ and of one hybrid; (b) plots to obtain the zero point of charge.](tsta_a_1221728_f0008_oc){#F0008}

Other distinctive chemical characteristic of the HBPEIs is the complexing behavior for metal ions. This characteristic has been checked for both free HBPEIs in solution with Ni^2+^ by potentiometric titration (cf. experimental section). The plot obtained for HBPEI~1800~ is shown in Figure [9](#F0009){ref-type="fig"} (blue line) and the species distribution obtained from this plot (Figure S12) allows us to conclude that coordination compounds of Ni^2+^ with one, two or three amine groups acting as donor are formed in the reaction with both HBPEIs. The coordination equilibria and the values of the stability constants of these complexes are summarized in SD (Table S3). Interestingly the titration plot of the hybrid material with Ni^2+^ (red line in Figure [9](#F0009){ref-type="fig"}) is very similar to that of the free polyamine. Although the titration of metal ions with complexing species in aqueous solution is quite common, as far as we know the titration of solid materials with metal ions in solution has not been reported. The fact that both plots in Figure [9](#F0009){ref-type="fig"} are similar means that the complexing properties of the HBPEIs have been transferred to the hybrids.

![Ni^2+^ titration plots of the free HBPEI~1800~ (blue line) and of one hybrid (red line).](tsta_a_1221728_f0009_oc){#F0009}

Moreover, the variation of the effective complexation constants (cf. SD) of the free polyamines and of the hybrids with Ni^2+^ is similar (Figure [10](#F0010){ref-type="fig"}). All these data support that the chemical characteristics of the HBPEIs have been transferred to the hybrids. Therefore, it is expected that the hybrid materials are able to capture larger amounts of Ni^2+^ by coordination at the interface than the parent oxidized carbon materials (Figure [11](#F0011){ref-type="fig"}). The retention isotherms of two hybrid materials and of the pristine and oxidized carbon materials are presented in Figure [11](#F0011){ref-type="fig"}(a), showing a large increase of the amount of Ni^2+^ captured by the hybrid materials. The fitting of these plots to the Langmuir equation (Figure [11](#F0011){ref-type="fig"}(b)) also results in much larger values of Ni^2+^ captured by the hybrids (1.5·10^−4^ and 2·10^−4^ mol g^−1^) than by the parent carbon materials (0.1·10^−4^ and 0.2·10^−4^), which is an additional support for the successful transference of the complexing properties of the polyamines to the hybrid materials.

![Variation of the effective complexation constants of the polyamines and of the hybrids with the pH.](tsta_a_1221728_f0010_oc){#F0010}

![(a) Retention isotherms of Ni^2+^; (b) the fitting of the experimental data to the Langmuir equation.](tsta_a_1221728_f0011_oc){#F0011}

The reported amounts of Ni^2+^captured by carbon based materials range between 2 and 500 mg g^--1^ (Table S5 of SD and references therein). Thus the values reported in this work are near the lower end of this range of values, although they are close to many reported for carbon materials.

Figure [12](#F0012){ref-type="fig"}(a) and [12](#F0012){ref-type="fig"}(b) show HRTEM images of an oxidized carbon nanotube material and of the hybrid. Similar images of the CSX-material are shown in SD. The comparison of the images of both series points out a larger degree of aggregation in the hybrids than in the original carbon materials. In addition Figure [12](#F0012){ref-type="fig"}(b) reveals that the nanotubes are decorated with small spots of, presumably, Ni^2+^/HBPEI complexes. To check this hypothesis we have obtained the nickel and nitrogen maps of this image (Figure [12](#F0012){ref-type="fig"}(c) and 12(d)) which clearly support the statement.

![HRTEM images of: (a) MW/OP(30); (b) MW/OP(30)-1800/Ni; (c) map of nitrogen of sample MW/OP(30)-1800/Ni; (d) map of Ni of the same sample. HAADF stands for high-angle annular dark field.](tsta_a_1221728_f0012_oc){#F0012}

The electronic properties of the materials can be examined by means of the high resolution XPS spectra in the region of the binding energies near Fermi level. This region is very useful to reveal subtle differences in the electronic properties of solids in general and of carbon materials in particular. Figure [13](#F0013){ref-type="fig"} shows the spectra of the original carbon nanotubes and of a selected hybrid (MW/OP(30)-1800/Ni(II)). It is seen that the emission of photoelectrons of the original carbon nanotubes is almost negligible at binding energies smaller than 4--5 eV. Nevertheless this emission in the hybrid starts at smaller binding energy (near 2 eV) and has a relative maximum near 4 eV. This means that the electronic behavior of the hybrid has been altered in relation to the original nanotubes, which corresponds to a non-conductive material.

![High resolution XPS spectra of the valence band region.](tsta_a_1221728_f0013_oc){#F0013}

4.. Conclusions {#S0004}
===============

The level of functionalization on the surface of MWCNTs (MW) and a carbon black (CSX) with polyamines seems to be dependent on the oxygen content of these carbon materials. The largest degrees of functionalization are reached in the samples which have been oxidized by plasma treatment. Nevertheless, the oxidation with ozone allows similar degrees of functionalization of CSX with HBPEIs to be reached. In spite of this, the characteristics of the plasma process (very simple, fast and allows reactant saving) make this procedure ideal for further functionalization with HBPEIs. The esterification process does not improve the degree of functionalization, so it can be avoided. The fraction of HBPEI per mass unit attached to the CSX is smaller than that fixed to MW due to the smaller surface area of the former. The polyamines are covalently bound to the carbon materials by the formation of imine and imide groups. The chemical properties of the HBPEIs are transferred to the carbon material/HBPEI hybrids. This can allow these hybrid materials to be used in processes in which the HBPEIs are chemically active, for example, in recovering metal ions from solution by forming coordination compounds at the interface.

Disclosure statement {#S0005}
====================

No potential conflict of interest was reported by the authors.

Funding {#S0006}
=======

The financial support of the MINECO \[projects MAT2014-60104-C2-1-R, MAT2014-60104-C2-2-R and CTM2010-16770\], FEDER program, Autonomous Regional Government \[Junta de Andalucía, Proyecto de Excelencia ref: P09-FQM-4765 and grupo RNM342\] and Programa de Fortalecimiento de la I+D+I from UGR is acknowledged.

Supplementary material {#S0007}
======================

The supplementary material for this paper is available online at <http://dx.doi.org/10.1080/14686996.2016.1221728>

Supplementary Material
======================

###### Supplementary_data.pdf

###### 

Click here for additional data file.

The assistance of Dr Abdelkader Fernández in the dispersion and HRTEM measurements is gratefully acknowledged.
